Cell populations of Paramecium bursaria show mating reactivity in the light period, but not in the dark period, when exposed to a light-dark cycle (LD 12:12). After they are transferred to constant-light (LL) conditions (1,000 lux), they continue to show a circadian rhythm of mating reactivity. The rhythm gradually dampens in LL so that mating reactivity in populations becomes arrhythmic in LL within 2 weeks. We wanted to know whether the arrhythmicity of this population was due to the absence of circadian rhythmicity within each individual cell, or merely due to asynchrony of a population of individually rhythmic cells. Therefore, single cells were isolated randomly from an arrhythmic population that had been in LL for a long time. Then the mating reactivity of these single cells was individually tested every 3 hr for 2 days. Each single cell showed a circadian mating rhythm in LL. This shows that the disappearance of the mating rhythm in cell populations under LL is not caused by disappearance of circadian rhythmicity within individual cells, but is due to desynchronization among cells in a population. When an arrhythmic population in LL is darkened for 9 hr, the mating reactivity rhythm of the cell population reappears. This occurs by resynchronization of the rhythms among individual cells, as can be shown by exposing single cells to pulses of 9 hr of darkness. This dark treatment causes phase shifts of single-cell rhythms, and a phase response curve is obtained for this stimulus. This phase-shifting behavior explains the efficacy of 9-hr dark pulses in restoring the population's rhythm.
Circadian (daily) rhythms have been found not only in multicellular animals and plants, but also in populations of unicellular organisms (Mergenhagen, 1980; Pittendrigh, 1981;  Edmunds, 1983; Sweeney, 1983; Johnson and Hastings, 1986 ). In addition, circadian rhythms have been measured from single isolated cells of Acetabularia (Schweiger et al., 1964) and Gonyaulax (Sweeney, 1960 ; Hastings and Krasnow, 1981) , but in the case of Gonyaulax, only one cycle has been measured from single cells.
Thus, all the essential components of the circadian clock may be contained within individual cells, rather than depending on interactions among cells in a population (Schweiger and Schweiger, 1977; Mergenhagen, 1980) . Many rhythms of unicellular organisms become arrhythmic after many cycles in constant light (LL) or constant darkness (DD). This loss of rhythmicity in a cell population might result (1) from a lack of rhythmicity in each cell or (2) from a loss of synchrony among cells that individually retain rhythmicity. To distinguish between these alternatives, measurement of rhythmicity in single cells is necessary. To date, only single isolated cells of Acetabularia have been assayed for circadian rhythmicity for more than one cycle (Schweiger et al., 1964) . Cells of the ciliate Paramecium bursaria are well suited for this purpose, because (1) cell populations of this organism show a clear circadian rhythm of mating reactivity (Jennings, 1939; Ehret, 1953; Imafuku, 1975) , and (2) agglutinative mating reactivity of single cells can be repeatedly tested for many cycles.
We report here that the disappearance of circadian rhythmicity in cell populations of P. bursaria in LL is due to desynchronization of the rhythms of the individual cells. We also show that a single dark treatment (9 hr) can phase-shift the rhythm of single cells and that this behavior can explain the ability of dark pulses to resynchronize cells in an arrhythmic population.
MATERIALS AND METHODS

STRAIN AND CULTURE
Stock Mit-Cw that belonged to syngen 1, mating type III, of P. bursaria was used in the present experiments. This stock consisted of Chlorella-free white cells that had been induced from the green cells of natural stock Mit-C by rapid growth in the dark. We used the green cells (Mit-B) of the complementary mating type (mating type I) as tester cells in the mating reactivity test. All natural stocks used in the present experiment were collected in Mito, Japan. The culture medium was 1.25% (w./v.) fresh lettuce juice medium (Hiwatashi, 1968) , which had been inoculated with Klebsiella pneumoniae 1 day before use. Cultures were kept at 25°C under 1,000 lux of cool-white fluorescent light. To continue the mating reactivity for more than 2 weeks, a small quantity of fresh culture medium was added a few times.
TEST OF MATING REACTIVITY
Mating reactivity of the white cells was tested by mixing them with green &dquo;tester&dquo; cells of the complementary mating type. When the white cells are competent to mate, they form agglutinative clumps when mixed with the green cells. Mating reactivity of the single cells was tested every 3 hr by mixing each white cell with about 100 highly reactive green tester cells. After every test, the white cell was reisolated from the green tester cells and incubated separately in K-DS solution (0.6 mM KH2POI, 1.4 mM Na2HP04, 2 mM Na3C6H50~, 1.5 mM CaCl2, pH = 7.0) until the next test.
Mating reactivity in cell populations was measured every 3 hr as follows: 10 white cells were placed in each of 6 different wells of a depression glass plate, and about 100 highly reactive green tester cells were added to each well. After 5 min, the percentage of mating reactive white cells clumping with green tester cells was assayed.
To prepare tester cells with high reactivity, four groups of green cells were entrained to four light-dark cycles (LD 12:12, staggered by 6 hr). Each group of tester cells was used twice in consecutive 3-hr testing intervals, such that the tester cells were always similarly highly reactive.
RESULTS
MATING REACTIVITY RHYTHM OF CELL POPULATION
Cells of P. bursaria are usually green, containing symbiotic Chlorella in the cell.
Chlorella-free white cells can be derived from green cells. We used the white cells for analyzing the circadian rhythm and the green cells for testing mating reactivity. Mating reactivity of single white cells could be clearly identified, since the white cells were easily distinguished from the green tester cells in the mating clumps.
The mating reactivity of cell populations of P. bursaria was tested every 3 hr. In LD 12 :12, the cells showed mating reactivity in the light period but not in the dark period. When they were transferred to LL (cool-white fluorescent light, 1,000 lux), they continued to show a circadian rhythm of mating reactivity for at least 1 week (Fig. 1A) . The rhythm, however, progressively dampened in LL so that it had completely disappeared after 2 weeks. Such an arrhythmic culture in LL is shown in the first 2 days of Figure 1B . The percentage of mating reactive cells in arrhythmic cultures maintained itself at a constant value of about 50%. The rhythm was reinitiated in such an arrhythmic culture by giving the culture a 9-hr dark pulse (Fig. 1B ). This reinitiated rhythm then progressively dampened within 2 weeks. FIGURE 1. (A) Mating reactivity rhythm in cell populations of P. bursaria. Cell populations show mating reactivity in the light period, but not in the dark period, in LD 12:12. When they are transferred to LL (1,000 lux of cool-white fluorescent light), they continue to display a circadian rhythm of mating reactivity. (B) After 2 weeks in LL, however, the rhythm in the population has dampened so that the culture is apparently arrhythmic (first 2 days). In these &dquo;arrhythmic&dquo; cultures, mating reactivity maintains a constant value of about 50% reaction throughout the day. Mating reactivity rhythm reappears after a single dark treatment for 9 hr. The proportions of mating reactive cells in populations were measured every 3 hr.
MATING REACTIVITY RHYTHMS OF SINGLE CELLS ' Why does the mating rhythm of cell populations become arrhythmic after 2 weeks in LL? To determine whether circadian rhythmicity disappears from each individual cell, we tested the mating reactivity rhythms of single cells isolated from an arrhythmic population.
Fifteen single white cells were randomly isolated from an arrhythmic culture. Mating reactivity of each white cell was tested every 3 hr by adding it to about 100 mating-reactive green tester cells. After every test, each white cell was reisolated from the green tester cells and kept separately in K-DS solution for subsequent testing. As seen in Figure 2 , every single cell isolated from the arrhythmic population showed clear circadian rhythms of mating reactivity. This result demonstrates that the disappearance of the mating rhythm in cell populations under LL is not caused by arrhythmicity of individual cells, but is due to asynchromy among individual cells in the population. This probably occurs because of slight differences in the period length among different cells, which allow the cells to progressively get out of synchrony while free-running in LL. Even cells of an arrhythmic population kept in LL for more than 6 months FIGURE 2. Mating reactivity rhythm of 15 single cells isolated randomly from an arrhythmic population of white cells that had been in LL for 4 weeks. Each single white cell was maintained in LL, and its mating reactivity was tested every 3 hr by mixing with about 100 highly reactive green tester cells. Rectangles mark the mating reactive phases; x indicates the death of cells. Each number along the ordinate refers to the number that identified each cell. Therefore, each horizontal line is the record from a single cell. Every single cell shows a clear circadian rhythm of mating reactivity, even though the population from which these cells were isolated was apparently arrhythmic.
showed a circadian rhythm in LL when tested individually. The 50% reactivity observed in LL therefore indicates that at any given time approximately 50% of the cells are in their nonreactive phase, and not that some cells have totally lost the ability to undergo the mating reaction.
PHASE SHIFTING BY DARK PULSES
After the arrhythmic population in LL had been put into darkness for 9 hr, the rhythm of the population subsequently reappeared (Fig. 1B) . We wanted to know whether this dark-pulse synchronization of the population rhythm could be explained in terms of the response to dark pulses of the rhythm of single cells. Therefore, groups of single cells were isolated from an arrhythmic population and selected so that the cells were in synchrony. Then 9-hr dark pulses were administered to these cells at different phases of the mating rhythm. As shown in Figure 3 , dark pulses phase-shifted the mating rhythm. When these phase-shifting data were plotted as a phase response curve (PRC), however, it was obvious that the magnitude of the phase shift was dependent upon the circadian phase at which the pulse was given (Fig. 4 ). Large phase shifts were observed in the subjective daytime (circadian time [CT] 0-12), and smaller phase shifts were obtained when the dark pulse was begun in the subjective nighttime . These data from single cells fully explain the dark-pulse synchronization of arrhythmic populations, because the phase of cells in the population FIGURE 3. Phase shift of mating reactivity rhythm of single cells by a single dark treatment for 9 hr at various circadian phases. White bars indicate mating reactive period; shaded area indicates the time of the 9-hr dark pulse. About 700 mating reactive cells were isolated randomly from an arrhythmic population in LL. Each cell was tested for its mating reactivity at 3 and 6 hr after isolation so as to select cells that were in synchrony. From the cells that showed mating reactivity in two successive tests, 189 mating-positive cells were divided into nine groups with 21 cells each. One group was kept in LL (group C), while the remaining eight groups (groups 1-8) were exposed to 9 hr of darkness, the onset of the dark exposure being progressively 3 hr later to each group (hatched areas in the figure) . Mating reactivity of all cells in each group was tested every 3 hr as in Figure 2 . FIGURE 4. Phase response curve for the phase shift of mating reactivity rhythms of single cells by a single dark treatment of 9 hr. The data were derived from the experiment shown in Figure  3 . The circadian time (CT) of the onset of the 9-hr dark pulse was used as the stimulus time plotted on the abscissa. As shown in Figure lA, mating reaction occurs during the subjective daytime, and no reaction occurs during the subjective night. For each phase, the times at which mating reactivity ended for each cell were averaged and used as the phase reference point for the rhythm. In an LD 12:12 cycle, this phase reference point occurs at CT 13.5. Therefore, CT 0 occurs 13.5 circadian hr before the phase reference. that receive the pulse in their subjective nighttime will be hardly affected, whereas cells in their subjective daytime will experience large phase shifts. This phase-dependent resetting is thus able to synchronize the phase of cells in a previously asynchronous population.
DISCUSSION
There have been many discussions about whether arrhythmicity within a cell population is due to a lack of rhythmicity in each cell or to a loss of synchrony among individually rhythmic cells in the population. Sweeney (1960) measured the rhythm of photosynthetic capacity in single cells of Gonyaulax polyedra for 14 hr and found that the lack of apparent rhythmicity in the cell population is a true reflection of behavior of each cell, not the result of desynchronization. The results of Hastings and Krasnow (1981) suggest the same explanation for the bioluminescence rhythm of Gonyaulax. In the eclosion rhythm of Drosophila pseudoobscura, rhythmicity in a population is believed to be caused by synchronization of the rhythm in each individual (Pittendrigh and Bruce, 1957) . The disappearance of the activity rhythm in individual multicellular organisms may be due to desynchronization of multiple oscillators within an individual (Bunning, 1971; Gaston, 1971; Hoffmann, 1971) .
But only in the case of Acetabularia have rhythms within single cells for at least several cycles been clearly documented (Schweiger et al., 1964) . In this research, the rhythms of single cells were measured exactly, and the disappearance of the mating rhythm in the cell population was demonstrated to be the result of desynchronization of single cells within the population that were individually rhythmic. Desynchronization in continuous conditions probably occurs because of small differences in the free-running periods among the cells in a population. Therefore, the rhythm in a population dampens in continuous conditions as the cells get out of phase with each other.
The PRC for phase shifting by dark pulses in Paramecium is very similar to that of the algae Gonyaulax (Broda et al., 1986) and Acetabularia (Karakashiam and Schweiger, 1976) . In all three cases, dark pulses in the subjective daytime elicit large phase shifts, while pulses in the night provoke little resetting. These PRCs are essentially 180° out of phase with the PRCs expected for light pulses (where phase shifting is greatest for pulses presented in the nighttime). These topological features explain not only the dark-pulse synchronization of arrhythmic cultures, but also the entrainment of the circadian pacemaker to cycles of light and darkness.
The ability to measure rhythms in single cells of Paramecium should allow many kinds of investigation into the cellular basis of circadian rhythmicity. For example, it is possible to microinject single cells with various solutions and assay the effect upon the rhythm (Miwa, unpublished data). Thus, Paramecium may be an excellent cellular system for analyzing the biochemical-cellular mechanism of circadian rhythmicity.
